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Key Points:
• Rotary shear testing coupled with X-ray micro-CT allows for in-situ and in-operando
observations of brittle faulting
• At low normal stress condition surface roughness controls the frictional behavior of a
fresh fault surface
• Real contact area inferred from micro-CT image data is about ∼12% of the nominal
fault area
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Abstract
Friction and fault surface evolution are critical aspects in earthquake studies. We present the
preliminary result from a novel experimental approach that combines rotary shear testing
with X-ray micro-computed tomography (µCT) technology. An artificial fault was sheared
at small incremental rotational steps under the normal stress of 2.5 MPa. During shearing,
mechanical data including normal force and torque were measured and used to calculate the
friction coefficient (µ). After each rotation increment, a µCT scan was conducted to observe
the sample structure. The careful and quantitative µCT image analysis allowed for direct and
continuous observation of the fault evolution. We observed that fracturing due to asperity
interlocking and breakage dominated the initial phase of slipping. The frictional behavior
stabilized after ∼1 mm slip distance, which inferred the critical slip distance (Dc). We devel-
oped a novel approach to estimate the real contact area (Ac) on the fault surface by means of
µCT image analysis. Ac varied with increased shear distances as the contacts between asper-
ities changed, and it eventually stabilized at approximately 12% of the nominal fault area.
The dimension of the largest contact patch on the surface was close to observed Dc, sug-
gesting that the frictional behavior may be controlled by contacting large asperities. These
observations improved our understanding of fault evolution and associated friction variation.
Moreover, this work demonstrates that the µCT technology is a powerful tool for the study of
earthquake physics.
1 Introduction
The friction of faults is an essential but unknown parameter controlling earthquake
initiation, propagation, and termination. Slipping of faults is a complicated process that de-
pends on time, stress, sliding velocity, slipping distance, and contact geometry [Brace et al.,
1966; Byerlee, 1978; Scholz, 1998; Reches and Lockner, 2010; Di Toro et al., 2011]. Despite
extensive investigations, there are still many unanswered questions related to the frictional
slip behavior, mostly due to the inability of accessing seismogenic fault zones.
To study friction of faults, laboratory shear experiments have been conducted on a
large variety of rocks under different conditions, and these studies contributed greatly to
the understanding of earthquake physics [e.g., Beeler et al., 1996; Marone, 1998; Mair and
Marone, 1999; Di Toro et al., 2004; Reches and Lockner, 2010; Di Toro et al., 2011; Goldsby
and Tullis, 2011; Tisato et al., 2012]. Some measurements have been the foundation of theo-
retical models that describe friction in rocks from a microscopic perspective by considering
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the interaction of surface asperities [e.g., Dieterich, 1978; Sammis and Biegel, 1989]. Many
studies suggested that frictional behavior is intimately related to mineral composition, fluid,
and gouge material properties [e.g., Biegel et al., 1989; Marone and Scholz, 1989; Dieterich
and Kilgore, 1996; Kanamori and Heaton, 2000; Morrow et al., 2000; Mair et al., 2002; An-
thony and Marone, 2005; Niemeijer et al., 2010a,b; McLaskey and Glaser, 2011]. On the
other hand, fault surface roughness, at various scales, is also an important factor to the fric-
tional behavior [e.g., Power et al., 1988; Power and Tullis, 1991; Schmittbuhl et al., 1993;
Chester and Chester, 2000; Ma et al., 2003; Sagy et al., 2007; Bistacchi et al., 2011; Can-
dela et al., 2011; Shervais and Kirkpatrick, 2016]. However, to date, these laboratory studies
allowed only post-mortem examination of the deformed samples, making microscopic analy-
sis of the fault evolution challenging. In fact, to characterize and observe the deformed spec-
imen, the sample assembly is typically removed from the testing facility and opened. This
leads to a loss of fault gauge and asperity alignment.
X-ray micro-computed tomography (µCT), which provides a non-destructive technique
to inspect the internal structure of the sample, is increasingly used to study geomaterials
[e.g., Raynaud et al., 1989; Johns et al., 1993; Ketcham and Carlson, 2001; Renard et al.,
2004; Ritman, 2004; Viggiani et al., 2004; Desrues et al., 2006; Vanorio et al., 2011; Tisato
et al., 2014, 2015; Zhao et al., 2015; Renard et al., 2016]. µCT discretizes the sample into
three-dimensional (3D) micrometric subdomains (i.e., voxel) and measures the X-ray atten-
uation coefficient of each subdomain. The attenuation coefficient, usually represented by
grayscale values, can be assumed to be proportional to the material density [Ritman, 2004].
Zhao et al. [2017] developed a new rotary shear test apparatus (ERDµ-T) that allows per-
forming rotary shear experiments while the internal structure of the samples and the slipping
surface is observed by means of µCT.
In this study, a rotary shear experiment was conducted on an artificial fault using the
ERDµ-T apparatus. The artificial fault (referred to as the fault in the following discussion)
was created from a sample made of micro-fine calcium sulphate cement mortar (i.e., Flow-
stone) to resemble the surface geometry and strength of natural limestone faults. The fault
surfaces (i.e., shear surfaces) were characterized using three-dimensional (3D) surface scan
prior to the test. Then, the fault was sheared at incremental rotational steps, and during shear-
ing, mechanical data including normal force and torque were measured. After each step, a
µCT scan of the sample was acquired. Thorough analysis of the mechanical data and µCT
images provided direct observation of important features such as the real contact area on the
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fault (Ac), the shear induced fractures, and the wearing of the fault surfaces. These observa-
tions provide key information for improving the understanding of the frictional behavior of
faults.
2 Material and methods
2.1 Sample preparation
The sample used for the rotary shear experiment was made of Flowstone (King Con-
crete Products), which is mechanically similar to natural limestones (Table 1) and is an ap-
propriate material for the purpose of studying rock friction and shear-induced asperity degra-
dation [Tatone, 2014].
The Flowstone sample was prepared using the following procedure: (1) a Teflon tube
with 12 mm inner diameter and 32 mm length was prepared as a mold; (2) tap water at room
temperature was degassed in a vacuum chamber for 10 minutes; (3) the degassed water and
Flowstone powder were mixed in a clean container at a weight ratio of 1:4; (4) the mixture
was stirred to a “batter-like” consistency and then poured into the mold on a vibration table;
(5) the sample was allowed to cure at room temperature in the mold for 1 day and then re-
moved from the mold by means of a 12 mm diameter piston; (6) the sample was allowed to
further cure for approximately 12 months (note that the strength of the Flowstone increases
with curing time, and after 100 days, the change in strength is minimal [Tatone, 2014]); (7)
a ∼0.25 mm deep groove was carefully carved (using a tube cutter) along the circumference
at the midheight of the sample; (8) the sample was then transversely divided in the middle
into two semi-samples by means of three-point bending test [ASTM, 2002], which resulted
in a tensile fracture nucleated from the groove, representing the initial fault surfaces; (9) a
cylindrical hole of 2.5 mm diameter and 3 mm depth was drilled in the centre of one of the
semi-samples, and this semi-sample served as the top of the sample assembly. Note that the
hole was drilled because of the concern that the centre area of the shear surface undergoes
too little or no displacement that may result in failure due to compression instead of shearing.
Prior to the test, a strip of thin copper tape was glued vertically to the side of the re-
composed sample and then cut along the fault. The copper tape served as a marker, and when
the ERDµ-T vessel was closed and placed inside the µCT, it was visualized under the X-ray
radiation allowing for (1) aligning of the two semi-samples before testing and (2) checking
the imposed rotation of the top semi-sample with respect to the bottom semi-sample during
–4–
Confidential manuscript submitted to JGR-Solid Earth
Table 1. Properties of the Flowstone, after Tatone [2014].
Material property Value Unit
Bulk density, ρ 1780 kg/m3
Young’s modulus, E 15 GPa
Poisson’s ratio, ν 0.24 –
Uniaxial compressive strength, σc 50.3 MPa
Internal friction, fi 0.42 –
Cohesion, c 16.4 MPa
Tensile strength, σt 2.6 MPa
Mode I fracture toughness, KIc 0.55 MPa m1/2
testing. The semi-samples were glued onto the sample holders with Loctite 454 Prism In-
stant Adhesive Gel, and then securely attached to the top and bottom part of the apparatus.
A shrink tube was used to cover the fault to prevent gouge material from escaping during the
rotary shear test.
2.2 Shear surface topography characterization
In order to characterize the initial condition of the shear surfaces, they were scanned
using the Advanced Topometric Sensor (ATOS) II system manufactured by GOM. The ATOS
II topometric system measures 3D coordinates of the surface via the projection of various
structured white-light fringe patterns onto the surface. Images of these patterns are recorded
by two digital cameras from two different angles, and 3D coordinates of each pixel in the
images are computed with high accuracy using a triangulation method and digital image
processing [Tatone and Grasselli, 2009]. The 3D point cloud was used to create a triangu-
lated surface where each triangle was defined by vertices and the orientation of the vector
normal to the plane of the triangle. This information was stored in the computer using the
stereolithography (i.e., STL) format.
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Figure 1. (a) Schematic illustration of the ERDµ-T experiment set-up. (b) The actual set-up of an ERDµ-T
experiment. (1) The ERDµ-T vessel placed inside the X-ray µCT machine, mounted on the CNC rotation
stage, (2) the X-ray source, (3) the CCD detector, and (4) the Flowstone sample.
2.3 Experiment set-up and procedure
The rotary shear test was performed using the following steps, similar to those indi-
cated by Zhao et al. [2017]:
(1) Test preparation. The ERDµ-T vessel containing the sample was mounted on the 5-
axis computer numerical control (CNC) rotation stage of the µCT scanner (Figure 1).
The stage was moved to a distance from the X-ray source ensuring a µCT scanning
resolution of 25 µm. The ERDµ-T apparatus was then powered, and before starting
the test, we waited 15 minutes to allow for warming-up to ensure stable readings.
(2) Torque baseline test. While the semi-samples were still separate, we imposed a 360°
rotation to the top semi-sample and measured the torque. This test allowed us to ob-
tain the systematic error of the torque measurement resulted from the calibration er-
ror, electronic noise introduced by the rotary motor operation, and the friction offered
by the jacket covering the fault. Such a measurement was then averaged to estimate
the torque baseline value, which was subtracted from the torque measurements in suc-
cessive tests.
(3) X-ray µCT scan. Prior to the experiment, a µCT scan was conducted on the undis-
turbed specimen. The scan was carried out at 100 kV voltage and 249 µA current.
During the scan, the ERDµ-T vessel was rotated 360° in 1080 equally spaced incre-
ments; meanwhile, the X-ray beam irradiated the external surface of the ERDµ-T ves-
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sel. At each angle, five 800 ms exposure time projections were acquired and averaged
to obtain a 16-bit grayscale image.
(4) Fault closure. The top semi-sample was first rotated till the two strips of copper tapes
aligned so that fault surfaces were in matching position. Then, the top semi-sample
was carefully moved down by the linear electromechanical motor until the top and
bottom semi-samples were ∼0.5 mm apart.
(5) Shear test initialization. The initialization was used to establish the contact between
the top and bottom semi-samples and zero the normal force reading (see detailed de-
scription in [Zhao et al., 2017]). After the first initialization, a normal load of 280 N
was applied to the sample. Given the sample dimensions, the resultant normal stress
was approximately 2.5 MPa. We then conducted a µCT scan to record the sample
condition.
(6) Mechanical tests.
(i) Prior to each rotation step, a normal stiffness test was performed, which allowed us
to measure the apparent normal stiffness of the entire sample. However, because
the vertical-shortening sensor was not calibrated, the test results only provided
qualitative information. These results are shown in the supporting information for
completeness.
(ii) Finally, the rotary shear test was conducted. In particular, the top semi-sample was
rotated incrementally for two 3° rotation steps (Rot. I and II) and four 6° steps (Rot.
III to VI). During each rotation, the top semi-sample was accelerated to 3°/s in 0.1
second and stopped almost instantaneously when the desired amount of rotation
was reached. During rotation, normal force (N) and torque (M) were recorded at
a sampling rate of 250 kHz, and the rotation distance was recorded every 0.06° of
rotation. Note that the torque measurement signal saturated at full-scale (i.e., 1.5
N m) during Rot. II, and to avoid this from reoccurring, the voltage range of the
torque acquisition channel was doubled for the successive tests. Moreover, after
each incremental rotation step, we acquired a µCT dataset allowing for in-situ and
in-operando imaging of the morphological evolution of the sample.
(7) Steps 5–6 were repeated until a stable frictional behavior was observed after ∼30° of
rotation.
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3 Results and data analysis
3.1 Surface topography scan results
The ATOS II scanner digitized the undisturbed fault surfaces at 44 µm grid interval
and with a vertical accuracy of 1 µm (Figure 2a&b). These surfaces matched since they were
created by tensile fracturing, and for the sake of simplicity, in the following analysis, we fo-
cus on the bottom surface.
The best-fit plane of the digitized surface was first obtained, and then, the coordinate
system was transformed such that the best-fit plane was horizontal. Taking this horizontal
plane as the reference (i.e., z = 0), the elevation of the rough surface was calculated. Ele-
vation ranged from −0.34 to 0.33 mm, resulting in an overall surface amplitude of 0.67 mm.
The surface scan also provided an accurate measurement of the surface size: the outer radius
of the surface was R = 5.95 mm, and inner radius (i.e., radius of the centre indentation) was
R0 = 1.25 mm. Therefore, the nominal contact area (An) of the fault was 106 mm2.
Although rotary shear is a commonly used method to study fault evolution, a quanti-
tative approach to evaluate the roughness of the rotary shear sample does not exist. Portions
of the fault surface at different radii experienced different slipping distances and were sub-
jected to different slipping rates. To account for this fact, we extracted five circular profiles at
five different radii from the digitized 3D surface. Then we used roughness characterization
methods to gain insights about the roughness of the initial fault surface (Figure 2c).
To characterize these profiles, we first employed the power spectral density (PSD)
method [Brown and Scholz, 1985; Candela et al., 2009]. This method describes the profiles
using spectral amplitude and spatial frequency (i.e., wavenumber), which typically exhibit
linear relation in log-log scale. The amplitude of the power spectrum indicates how steep a
profile is (i.e., roughness); while the slope of the spectrum, referred to as the Hurst exponent
(H) [Hurst, 1951], indicates how the roughness changes across scales (Figure 3).
The amplitudes of the PSD curves with radii r ≥ 3 mm were higher than the ones
with r < 3 mm, showing that the shear surface was rougher at the outer region than the cen-
tre region. This was confirmed by visual inspection of the scanned surface that the elevation
variation was more significant at r ≥ 3 mm. The location of the largest elevation variation
was located at the radius of 5.6 mm (Figure 2). On the other hand, H of the profiles fluctu-
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Figure 2. 3D surfaces scan of the faults. (a) The top surface and (b) the bottom surface. The red arrows
indicate the location with the largest surface amplitude. (c) Five example profiles extracted from the scanned
surface, at radii r = 2, 3, 4, 5, and 5.6 mm, respectively. The blue dashed lines indicate the total shear dis-
tances at different radii. The Hurst exponent (H) of these example profiles are also provided.
ated between 0.54 and 0.84, reporting an average value of 0.73. However, no clear relation
between H and r was observed.
3.2 Mechanical data
The shear stress (τ) and friction (µ) were calculated using the measured torque (M),
the normal force (N), and the outer and inner radii of the shear surface (R and R0) following
Zhao et al. [2017]:
τ =
3M
2pi
(
R3 − R30
) , (1)
and
µ =
3M
(
R2 − R20
)
2N
(
R3 − R30
) . (2)
For the data where the torque channel was saturated at 1.5 N m (i.e., during Rot. II) the
torque was assumed to be 1.5 N m. The systematic error of torque measurement, which was
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Figure 3. Power spectral density curves and their fitted curves of the example profiles extracted from the
surface at radii of r = 2, 3, 4, 5, and 5.6 mm, respectively. The Hurst exponent (H) of these example profiles
are presented with the fitted curves.
0.02 N m according to the torque baseline test, was subtracted from the torque data when
calculating the friction.
For Rot I, the initial friction value (µi) was 0.1. For consecutive rotation steps, µi var-
ied between 0.3 and 0.5 (Figure 4a). The peak friction coefficients (µp) recorded during the
first three steps were > 1, and at the end of Rot. I, friction reached the maximum value of
1.4. After this point a significant (∼ 20%) drop in friction occurred (Figure 4b). For Rot.
II, the relatively low µp was related to the saturated torque measurement signal. Judging
from the general variation trend, µp of Rot. II maybe approximately 1.3, slightly higher than
the reported 1.2. At the end of Rot. III, three consecutive friction drops occurred, and the
friction decreased from 1 to 0.7 (Figure 4c). During Rot. IV, the µp was 0.84 and a small
(< 10%) drop of friction occurred (Figure 4d). These friction drops corresponded to the
shear stress drops of 0.74 MPa, 1.5 MPa, and 0.27 MPa, respectively. During the last two
rotation steps (Rot. V and VI), no significant drops were observed, and the residual friction
(µr ) stabilized around ∼ 0.7. In general, µp and µr showed exponential decay as a function
of shear distance (Figure 5).
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Figure 4. (a) Friction coefficient (µ) as a function of rotation distance for rotation steps Rot. I to Rot. VI.
Note that µp at Rot. II (indicated by the arrow) was relatively low compared to Rot I&III, which is caused by
the saturated torque measurement signal. (b)–(d) Zoom-in view of significant friction drops during first three
rotation steps.
Since the rotation of the top sample was monitored at each 0.06° rotation interval, the
angular rotation speed (ω) during each interval was calculated by the ratio between 0.06° and
the elapsed time. The averaged velocity (v) was then calculated as:
v =
ωpi (R + R0)
360◦
. (3)
The average friction in each rotation interval, were examined against the averaged velocity
(Figure 6).
3.3 X-ray ERDµ-T imaging results
Each µCT scan generated 1080 16-bit grayscale images having field-of-view size of
794×1024 pixels with pixel size of 25 µm (Figure 7a). These images were reconstructed into
a 3D volume (Figure 7b) using the Phoenix X-ray datos-x-reconstruction software (v.1.5.0.22),
using the following settings: a beam hardening correction of 3/10, an automatic ring artifact
reduction, and a manual scan optimization that compensates for small drifts of the specimen
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Figure 5. Peak (µp) and residual (µr ) friction values as function of shear distance.
Velocity (m/s)
10-4 10-3
7
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Rot. I
Rot. II
Rot. III
Rot. IV
Rot. V
Rot. VI
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Figure 7. (a) 2D radiographs (i.e., shadow projections) acquired during a µCT scan with a field of view
of 794×1024. (b) Reconstructed volume shown as an image stack and the 620 slices with consistent image
quality were used for further analysis. (c) Histogram of the grayvalue of 620 slices showing the peaks in voxel
counts that correspond to different materials.
during the scan and accurately locates the centre of reconstruction [Tisato et al., 2015]. The
reconstructed 3D volume comprised of 1024 794×794 16-bit grayscale images, discretizing
the sample into approximately 645 million voxels.
The quality of the reconstructed volume that was close to the sample holders was highly
influenced by the high density of the stainless-steel sample holders (due to beam hardening
and scattering effects). Thus, we selected 620 slices with consistent image quality, located
from ∼6.46 mm above to ∼9.06 mm below the fault, for further analysis.
The selected volume was filtered with an edge-preserving non-local means (NLM) fil-
ter by means of the Non-local Means Denoising plugin that is available with the open source
software Fiji [Buades et al., 2005]. The parameters used for the plugin were: noise level at
280 and smoothing parameter at 1. This filtering process reduced the noise level by 75%,
while ensuring minimal disturbance to features such as fractures and pores (Figure 8a–d).
The filtered image stack was then cropped to the volume containing the sample and
segmented using grayvalue thresholds. The segmentation was carried out following Zhao
et al. [2017] for each individual data set. The thresholds used in the segmentation and the
results are listed in Table 2. The averaged total volume after segmentation was 1724 mm3,
comparable to the estimated actual bulk volume of 1710 mm3. Taking this mean volume as
the reference, we estimated the error associated to the segmentation using the volume devi-
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ated from the reference value. The segmentation for all data sets showed high consistency
with the maximum error of 1.3%; while most data sets had errors less than 0.5%.
Figure 8. Image processing steps, taking a horizontal slice of the scan after Rot. VI as an example. (a) A
horizontal slice of the reconstructed µCT image and (b) the same slice after the application of the NLM filter.
(c) and (d) are zoom-in views of the areas highlighted by the dashed squares in (a) and (b), respectively. The
contrast of the bottom halves of these images are enhanced to demonstrate the advantage of the NLM filter.
(e) Segmented result of (b) shown as binary image, and (f) binary image after pore filling.
The segmentation resulted in the binarization of the reconstructed volume where white
(i.e., 1) represents the solid sample and black (i.e., 0) represents the pore space (Figure 8e).
Note that due to the noise and minor differences between scans, the sizes and total number
of pores varied from scan to scan. In order to suppress the influence of pore space in further
quantitative analysis of the images, a morphological pore-filling operation (see supporting
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information) was performed to eliminate all the isolated pores in the segmented volume (Fig-
ure 8f) [Gonzalez and Woods, 2002].
To aid visual interpretation, we then created the 3D rendering of the pore-filled vol-
ume. Specifically, in order to view the fault and fractures, we represented the sample using
surfaces enclosing the void space in the sample volume (Figure 9). The 3D renderings show
that a fracture formed when the initial normal force was applied (Figure 9a). This fracture,
considered as the initial fracture, was not fully open and the segmentation procedure did not
capture its whole geometry (Figure 9a). After the first two rotation steps (Rot. I & II), the
initial fracture opened and propagated causing the bottom semi-sample to split (Figure 9b).
During Rot. III, a fracture formed in the middle of the bottom semi-sample, and two frac-
tures formed close to the periphery of the top semi-sample (Figure 9c). During Rot. IV, a
small fracture formed at the bottom semi-sample, connecting the two fractures formed in the
earlier steps (Figure 9d). No significant fractures were created from Rot. V to VI (Figure
9e&f); however, our further interpretation suggested that the gouge layer was forming during
these rotation steps.
Comparison between the µCT images data and the surface topography showed that the
initial fracture was caused by the misalignment of the asperities with the largest amplitude
(i.e., at radius of 5.6 mm). By taking advantage of the fully digitized sample volume, we in-
vestigated this region by extracting the circular 2D vertical slice (Figure 10). To avoid loss of
information due to segmentation, we used the reconstructed grayvalue image with enhanced
contrast. This 2D slice can be viewed as a right-lateral fault, and it allowed us to visually ob-
serve the evolution of the shear surfaces by comparing the same 2D slice extracted from data
sets at incremental shear steps.
Although ample information can be gathered from these slices, here we list three key
observations: (i) progressive aperture opening creating void space on the fault zone (i.e.,
blue arrows in Figure 10), (ii) the engagement of counteracting asperities and the formation
of tensile cracks, similar to secondary faulting (i.e., green arrows in Figure 10), and (iii) the
degradation of the fault wall material, from intact into fine powder, i.e., the formation of fault
gouge (i.e., red arrows in Figure 10).
After the experiment, the ERDµ-T was removed from the µCT scanner and opened.
This allowed visual inspection of the tested sample (Figure 11). The shear surface experi-
enced minimal damage, except for the secondary fractures splitting the sample. Some areas
–15–
Confidential manuscript submitted to JGR-Solid Earth
a) Initial condition b) Rot. I & II c) Rot. III
d) Rot. IV e) Rot. V f) Rot VI
x (mm)
y (mm)
z (
m
m
)
x (mm)
y (mm)
z (
m
m
)
x (mm)
y (mm)
z (
m
m
)
x (mm)
y (mm)
z (
m
m
)
x (mm)
y (mm)
z (
m
m
)
x (mm)
y (mm)
z (
m
m
)
Figure 9. 3D rendering of void space surfaces in the digitized sample volume illustrating the damage pro-
cess of the Flowstone specimen. (a) Before the rotary shear test with 280 N normal force applied (blue arrow
indicates the direction of the following shear steps); (b–f) after the rotation steps I–VI, respectively. Red ar-
rows indicate the newly formed fractures in the corresponding steps. Note that the pores shown were located
on the outer surface of the sample, which were not eliminated by the pore-filling process.
of the shear surface were covered with a thin layer of fine powder, which could also be ob-
served in the 2D slices (Figure 10f). Note that when the tested sample was removed from the
sample holders, it failed into fragments and a surface topography scan was not conducted.
3.4 Real contact area
Assessing the real contact area (Ac) is essential to understand friction, and it is often
studied using transparent materials, such as polymethyl methacrylate (PMMA), or inferred
from indirect measurement, such as fault normal elastic stiffness [Dieterich and Kilgore,
1994; Rubinstein et al., 2004; Ben-David et al., 2010; Nagata et al., 2014; Selvadurai and
–16–
Confidential manuscript submitted to JGR-Solid Earth
Initial condition
Rot. I & II
Rot. III
Rot. IV
Rot. V
a) b)
c)
d)
e)
f)
5.6 mm
2.5 m
m
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Figure 10. Expanded view of the shear surface at the radius of 5.6 mm. (a) The extraction of the vertical
2D slice. (b)–(f) The evolution of the fault viewed from the extracted slice. The hollow arrow indicates the
shear direction (i.e., right-lateral). Three sets of coloured arrows indicate key features: slip induced opening
(blue), induced secondary faulting (green), and gouge formation (red).
Figure 11. Photograph of the Flowstone sample (a) before and (b) after the rotary shear test. Note the
gouge formed on the slipping surface.
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Glaser, 2015a]. In this study, we used a novel approach to estimate Ac by means of µCT im-
age analysis, using the following steps:
(1) 50 horizontal segmented-and-pore-filled binary slices (i.e., 1.25 mm thick in the verti-
cal axis) that contained the fault were inverted so that void space was represented by 1
and solid material was represented by 0.
(2) These inverted slices were then added together through a simple summation of values
at the same x − y location (i.e., stacking). The stacked image was essentially a 2D
matrix representing the number of void voxels between the upper and lower walls of
the fault (Figure 12). Thus, pixels with zeros represented the regions in actual contact.
The total area associated with these pixels was considered the real contact area (Ac).
(3) The ratio between Ac and the nominal contact area (An) was then calculated (Table
2).
a) b) c)
d) e) f)
Initial condition
Ac/An = 6.5%
Rot I & II
Ac/An = 17.6%
Rot III
Ac/An = 14.7%
Rot IV
Ac/An = 16.1%
Rot V
Ac/An = 11.7%
Rot VI
Ac/An = 12.6%
Vo
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0
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Figure 12. Estimated real contact area at (a) the initial condition and (b–f) after each 6° of rotation. The
color indicates the total number of voxels representing air in a specific x–y location, which can be considered
as aperture height. The red contours highlight the real contact areas.
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Table 2. Summary of segmentation and morphological process results.
Data set Grayvalue thresholds Segmented volume Error Ac/An Dm
(upper, lower) (mm3) (%) (%) (mm)
Initial 18685, 21200 1722 0.1 6.5 0.55
Rot. I&II 17700, 20300 1731 0.4 17.6 1.18
Rot. III 17755, 20449 1717 0.4 14.7 1.22
Rot. IV 17600, 20560 1702 1.3 15.1 1.46
Rot. V 19578, 22453 1732 0.5 11.7 1.40
Rot. VI 16058, 19077 1740 0.9 12.6 1.32
Clearly, only a fraction of the fault surface was in contact, and the shear and normal
stresses were transmitted across the fault through contact patches. We further analyze the
real contact area by evaluating the dimension of contact patches following the approach used
in Selvadurai and Glaser [2016]. Some large patches with elongated shape may be resulted
from the coalescence of contacts between closely spaced asperities, and in order to avoid
overestimation of contact patch dimension, an eight-neighbour watershed transform was first
applied to the image of real contact area. Then, the area associated to each contact patch was
estimated, which was converted to an equivalent diameter assuming a circular contact shape.
We calculated a variety of statistical parameters of the equivalent diameter of all con-
tact patches to obtain a good comprehension of the their characteristic, which include arith-
metic mean, geometric mean, harmonic mean, maximum, median, and minimum (Figure
13). These parameters showed that the contact dimension (i.e., equivalent diameter) ranged
from 0.028 mm to 1.46 mm, and the averaged values reported a range from 0.08 mm to 0.35
mm. The overall contact dimension at the initial condition was small, compared with those
estimated after rotation steps, which were comparable. Interestingly, the maximum equiva-
lent diameters (Dm) estimated after rotation steps were in a narrow range between 1.18 mm
to 1.46 mm, close to Dc (i.e. ∼1 mm).
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Figure 13. statistical parameters of the equivalent diameter of contact patches including: arithmetic mean,
geometric mean, harmonic mean, maximum, median, and minimum. Note that the minimum values are the
same for all data sets, which correspond to the area of a single pixel (i.e. 25 × 25 µm2).
4 Interpretation and discussion
4.1 Friction evolution
The initial friction value (µi) of the first rotation was 0.1, which may be the result of
the application of vertical loading on slightly misaligned asperity contacts (Figure 10b). At
the end of each rotation step, the asperities were deformed elastically and held the residual
normal and shear stresses. The initiation procedure prior to each rotation step disturbed the
residual stresses. However, since the initial stress conditions of the next rotation step was
applied to the fault at the exact position as the previous step, we do not consider such a dis-
turbance.
The friction showed no velocity dependency (Figure 6), similar to shear tests con-
ducted on limestone at similar low slip rate [Delle Piane et al., 2016]. However, the friction
scattered in a broad range – between 0.8 and 1.4 – before converging to a stable value – be-
tween 0.7 and 0.8 – in the latter three rotation steps. The friction drops observed during Rot.
I may have been caused by the opening of the initial fracture created by the application of the
normal stress; whereas, the sudden drops of friction value during rotation steps Rot. III and
IV were associated with the formation of new fractures, highlighting the importance of the
development of secondary fractures in the breakdown of fault strength.
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Peak friction (µp) and residual friction (µr ) decreased with increasing shear distance
and reached typical rock friction values (i.e., ∼0.7) at similar stress conditions [Di Toro et al.,
2004, 2011]. The shear distance that was required to reach the stable value was relatively
short: approximately 1 mm (i.e., ∼12° of rotation). This distance may be regarded as the
critical slip distance (Dc), which is interpreted as the slip distance that must occur before the
sliding surfaces change from one steady-state friction condition to another [Scholz, 1998].
We have not observed friction value as low as those observed in high velocity rotary
shear experiments [e.g., Di Toro et al., 2004, 2011; Tisato et al., 2012]. This discrepancy is
related to the fact that at high shear speed other mechanisms contribute to the rock weaken-
ing, for example, flash heating and thermal pressurization [Rice, 2006; Tisato et al., 2012].
The ERDµ-T, however, could be driven at higher speed to study these phenomenon in future
studies.
4.2 Real contact area and critical slip distance
Using the innovative ERDµ-T system, we imaged the incrementally sheared fault sur-
face without disturbing it. As a result, continuous estimation of the real contact area was
achieved. At the initial condition of the experiment, the top and bottom semi-samples were
not in perfect matching contact due to a slight misalignment between them, which was re-
flected by a relatively small contact area (Ac) that was 6.5% of the nominal contact area.
After a small shear distance, Ac increased more than two times, suggesting a better match-
ing contact between the two fault surfaces. With the slip behavior stabilized after ∼1 mm of
slipping, Ac decreased and stabilized at approximately 12% of the nominal contact area, sim-
ilar to the value reported in the literature [Logan and Teufel, 1987; Dieterich and Kilgore,
1994]. This result suggests that the real contact area of rock material can be assessed with
the ERDµ-T system.
The analysis regarding contact patch dimension demonstrated that the critical slip dis-
tance, Dc, may be controlled by the dimension of large contact patches. This observation re-
sembles the simple contact junction model proposed by Rabinowicz [1951], which suggested
that Dc is the slipping distance required to overcome mean contact junction diameter on the
slipping surface. However, our observation indicates that large contact patches may be more
influential than small contact patches, and Dc is close to the dimension of the largest contact
patch. Selvadurai and Glaser [2015b, 2016] demonstrated the importance of large contact
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asperities that they are more influential in transmitting the stresses across the fault interface
and are responsible for foreshocks.
4.3 The importance of fault surface roughness
Conventional rotary shear studies are carried out on flattened surfaces or artificial
gouge. In this study, we have shown the critical role of surface roughness on the shearing
processes: under low normal stress, only a fraction (∼12%) of the surface contributed to the
frictional sliding behavior; and the formation of secondary fractures was related to asperity
interactions.
Fault surface roughness has been investigated in many laboratory experiments and field
studies [e.g., Boneh et al., 2014; Power et al., 1988; Reches and Lockner, 2010; Sagy et al.,
2007; Wang and Scholz, 1994]. Our direct observations are in agreement with some hypoth-
esis regarding fault evolution proposed in these studies. For example, the asperity interaction
mechanism proposed in the work of Boneh et al. [2014] can be observed from the 2D slice
image (Figure 10), and the creation of powder from the surface wearing that lubricates the
fault, as discussed in the work of Reches and Lockner [2010], was also directly observed.
On he other hand, Despite the surface measuring and characterization technology,
there is no quantitative constitutive relation between roughness and friction behavior, due
to the complex behavior [Scholz, 1990]. Dc was observed to have a positive correlation with
surface roughness [Okubo and Dieterich, 1984]. In general, Dc ranges from ∼ 10−5 m for
laboratory measurements to ∼ 10−1 m for natural earthquakes [Dieterich, 1978, 1979, 1981;
Okubo and Dieterich, 1984; Scholz, 1988; Mikumo et al., 2003]. Dc inferred from our exper-
iment (i.e., 10−3 m) was larger than values reported in laboratory measurements but smaller
than values from natural earthquakes, the reason lies in the fact that the tested fault surface
was a fresh fracture that was much rougher than the flat surfaces used in most laboratory
tests.
Considering the aforementioned discussion, we can obtain a general picture on how
surface roughness plays a dominant role in the initial sliding phase of a fresh fault. First,
when the shear distance is less than Dc, asperities interact and secondary fractures form, re-
sulting in large variation of the frictional strength. During this period, the real contact area
decreases with increasing shear distance as the two sides of the fault become misaligned. Af-
ter that, when the shear distance is larger than Dc, asperity interaction and fracturing are not
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dominating and the friction becomes stable. During this period, the real contact area stays
relatively constant, and on the fault surface, grains are crushed into fine powder that may lu-
bricate the fault.
5 Conclusion and implications
Friction of faults is strongly influenced by microscopic features, such as asperities and
gouge. This makes the ERDµ-T apparatus very suitable to study frictional behavior of rough
rock surfaces as it allows inspecting the rock interior, continuously in time and space, with-
out introducing undesired perturbations. Large amounts of information can be gathered from
µCT imagery, making possible for a more comprehensive interpretation of the frictional slid-
ing behavior than those solely relying on mechanical data. Some important features of fault
evolution that can be hardly accessed in conventional studies, such as the real contact area,
fracture surface area, and wearing of the shear surface were obtained through the X-ray µCT
image data.
We demonstrated the dominant importance of roughness in the initial phase of fault
slipping. The real contact area on the frictional surface was estimated to be stabilized at
about 12% of the nominal contact area. The critical slip distance may be similar to the size
of the large contact patches on the rough fault surface. These observations may help to im-
prove our understanding of earthquake physics. Moreover, this work demonstrated that the
µCT technology is a powerful tool for the study of earthquake physics and established a
framework for the upcoming experiments using the ERDµ-T apparatus.
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Supporting Information
Normal stiffness test results and discussion
The apparent normal stiffness of each sample was measured by varying the length of
the piezoelectric motor beneath the load cell (see Zhao et al. [2017] for detailed explana-
tion of the apparatus). However, the resultant displacement was distributed to all the com-
ponents along the vertical axis of the ERDµ-T vessel: the piezoelectric motor, the load and
torque cell, the sample, the vertical shaft, the ball bearing system, and the stroke of the elec-
tromechanical motor. Due to the drastic contrast in stiffness between the sample and the steel
components, and considering that the synthetic fault may be even less stiff than the intact ma-
terial, we assume the strain created by the piezoelectric motor to be entirely concentrated on
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Figure S14. Stiffness test results. (a)–(f) Loading and unloading cycles (two cycles for each test) of the
stiffness tests, prior to Rot. I–V, respectively. The changes in normal force N were displayed and the loading–
unloading curves start at ∆N = 0. Note that the first stiffness test was carried out with slightly larger maxi-
mum strain.
the sample. The loading and unloading path was then represented by the normal force read-
ing and the displacement of the piezoelectric motor (Figure S14).
For all the tests, the loading and unloading curves showed obvious hysteresis for the
first loading and unloading cycle, but negligible hysteresis for the second cycle. The signif-
icant hysteresis during the first cycle may be related to the mobilization of asperities (i.e.,
slight adjustment of the contact). After the first loading cycle, the sample behaved more
“elastically”. Interestingly, the unloading curves from the two cycles coincide closely. The
apparent stiffness (Ee) was calculated by linear fitting of the estimated strain and normal
stress variation (∆σn) for the unloading curves. Ee of the sample with the fresh synthetic
fault surface was 2.37 GPa, slightly higher than those from the successive tests, which were
in the range of 2.03 to 2.26 GPa.
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a) b) c) d)
Figure S15. Schematic illustration of morphological dilation (in 2D for better illustration). (a) A 2D struc-
ture element. (b) Aligning the centre of the structure element with every non-zero element of the target image.
(c) Expanding non-zero elements as a result of the morphological union. (d) 3D structure element used in the
pore-filling algorithm in the current study.
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Figure S16. 2D example showing the pore filling process using morphological dilation.
Morphological dilation and pore-filling
Morphological dilation is an image analysis operation that expands the boundaries of
objects in an image. It overlaps non-zero elements (i.e., pixel in 2D or voxel in 3D) in the
input image with the center of the so-called structure element (e.g., Figure S15a) and out-
puts the morphological union of the two (Figure S15 b&c) [Gonzalez and Woods, 2002]. The
most common structure element for 3D image processing, a 3×3×3 array with non-zero ele-
ments representing a 3D cross (Figure S15d), was used in the current study.
–31–
Confidential manuscript submitted to JGR-Solid Earth
In order to achieve pore-filling and noise reduction, the segmented binary image (e.g.,
Figure S16a) is first inverted to create the mask of dilation (Figure S16b). During the dila-
tion operation, only elements with a true value (i.e., 1) in the corresponding mask elements
are modified; therefore, this mask prevents the dilation from crossing the boundaries of the
objects in the image. Then an image with the same size as the segmented image and full of
zeros is created as the input image. An iterative morphological dilation operation expand-
ing the border of the input image inwards is carried out (Figure S16c–g). The iteration stops
when the output image coincides with the result from the previous iteration. Finally, the bi-
nary image is inverted for the pore-filled result (Figure S16h). This pore-filling procedure
fills all the isolated pore space (i.e., not connected to the fractures).
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